In this paper an effort is made to represent the behaviour of a ship propulsion system comprising a Permanent Magnet Synchronous Motor (PMSM) driven by a 6-pulse driving system using the Direct Torque Control (DTC) control technique. The DTC technique cited is emulated via MATLAB's Simulink toolbox while all study cases are performed successfully in MATLAB's Power System Blockset environment.
Introduction
In the last decades, there has been significant development in electric motor driving schemes. This has lead to their exploitation in several applications including large scale ones, among the most important of which are related to ship electric propulsion. Thus, complicated propulsion arrangements have been developed comprising the stateof-the art of electric motor control.
More specifically, the AC motor control techniques developed can be grouped as follows [1, 2, 8, 12] :
Field Vector control

. Direct Torque Control (DTC)
The last two are the most sophisticated ones, and hence they have been extensively exploited in the ship electric propulsion domain.
This paper aims at modelling and simulating the DTC control technique in a 6-pulse driving system of a Permanent Magnet Synchronous Motor (PMSM) intended to be used as one of the alternative options in a small scale ship propulsion scheme. In an attempt to validate their effectiveness before integrated in the entire propulsion dynamic system, the propulsion motor and its DTC controller are modelled and tested in representative study cases. All simulations have been performed in MATLAB's Power System Blockset (PSB) along with Simulink Simulation toolbox [ I I].
Direct Torque Control (DTC) of a threephase AC motor
Since when professors Depenbrock and TakahashiNoguchi [4, 10] have initially presented the method, several applications exploiting it have been announced. Among the most representative ones are the marine propulsion applications, which have already been integrated into recently built ship stxuctures.
The basic control scheme of an electric motor driven by a DTC controller is shown in Fig.1 [5,12 ].
The DC voltage is transformed into AC via the inverter the switching logic of which is defined by the so-called optimized volfage space-vecfor selecfion table. The voltage space vector reflects the combination of the switching states of all switches consisting the inverter considered. For the 6-pulse configuration considered in this paper, as there are three pairs of switches, there are 8 (2"3) space vectors. It is worth noting that the magnitude of two of them (u7 and US) equals 0, while each one of the other six corresponds to one sector of a hexagon (see Fig.2 ).
The operating point of the motor is estimated by measuring the motor supply voltage and currents, see Fig.   I . Moreover, considering a balanced supply system, only two out of three currents and only a single line voltage need to be measured. These quantities are used to calculate the operating torque and stator flux using the well known dqo -transforination and a detailed mathematical motor model, often called adaptive, the numerical parameters of which i.e. resistances, inductances and time constants must be as more accurately known as possible.
Moreover, the current switching state of all inverter switches is identified; hence the active voltage space vector is defined. It is underlined that no measurement of speed or position is taken. Furthermore, the next optimum space vector is selected from the corresponding table, see Table 1 More specifically, the difference between reference and actnal quantity (torque or flux) is examined whether it is within or not a specified hysteresis hand. Thus, in version presented in this paper, [5,12], the flux comparator is a two level one, i.e. the flux error is transformed into two possible values +I and -1, with the former corresponding to a demand for a flux increment and the latter to a flux decrement.
On the other hand, the torque comparator is often a three level one transforming the torque error into the three possible values as follows, [5,12]: + I : torque increment is required -1: torque decrement is required 0: no change in torque is required (the torque error is within the hysteresis hand limits)
Study case
In this paper, the DTC method driving a Permanent Magnet Synchronous Motor (PMSM) has been considered. This scheme has been regarded as one of the alternative propulsion options within a construction project of a I m long model of a bulk carrier ship [5]. More specifically, the propulsion scheme comprised a 1,l kW/38OV Permanent Magnet Synchronous Motor (PMSM) supplied by a 6-pulse inverter the switching logic of which is defined by a DTC technique synthesized in MATLAB's environment.
Furthermore, DTC Control logic has been composed from scratch via Simulink control blocks, while the power system considered has been modelled via Power System Blockset (PSB) modules, see Fig.3 .
As mentioned above, the dynamic behaviour of the propulsion motor and its DTC controller has been emulated in representative simulation cases, in an attempt to validate their effectiveness. Thus, the operation of the DTC driven motor has been simulated in steady-state propeller load operating conditions as well as when an abrupt polarity inverse takes place in the torque reference signal.
PMSM model
Due to recently performed significant achievements in the permanent magnet technology, PMSM have started being extensively used [5,6] as they combine the low maintainability requirements of Induction Motors (IM) along with the high performance indices of synchronous machines (SM). Nevertheless, machines with permanent magnet excitation appear lately fairly appealing especially in the domain of ship electric propulsion. That was the main reason why this type of motor has been included in the list of alternatives for the ship model considered., 
Fig. 3. DTC controller modelled in MATLAB's environment
On the other hand, mathematical modelling progress, has not followed to the same extent, yet. Thus, PMSM models have not been integrated but in a few electric energy system analysis computer packages, with MATLAB's PSB being one of them [9, 11] . Nevertheless, in the Appendix the main equations of a three-phase PMSM with an auxiliary cage winding are cited.
Propeller load
In the case an electric motor drives a ship propeller, the required torque-speed characteristic curve follows the socalled "propeller's law", with the torque, T being approximately proportional to the square of the speed, n, Eq (1).
T=k.n' (1)
where k is the propeller's constant.
The characteristic of the propeller for the small scale ship model considered in this study case is shown in Figure 4a .
The propeller selected at the hydrodynamic study of the project [5] was of B4.70 type, with 0,20 m diameter and P/D ratio equal to 1,l. The k constant in equation (1) is equal to 0,01297.
As it can he noticed in Figure 4b , where the simulated T-n curve is presented, although in general, the simulated curve follows well the original one shown in Fig. 4a , there are ripples around the mean value of the characteristic curve, which is an inherent feature of DTC'technique [3,5,121.
Abrupt torque inversion
The second simulation is of significant importance consisting in the system behaviour in the transient state where an abmpt torque inversion takes place. This is the foundation step for the simulation of the "crash-stop'' case, where a step change of sign in the reference torque takes place while primarily the propulsion motor and consequently the entire ship reverses its speed so that e.g. a crash-accident is avoided.
As the propulsion scheme consisting of the propulsion motor and its controller are supposed to be integrated in the entire hydrodynamic ship model, they have to be validated first in this study case. Therefore, at this stage, the dynamic behaviour of the ship model structure or its propeller have not been considered as the interest has been focused on the DTC driven PMSM response.
Thus, in Figure 5a , the motor torque response is shown, where again apparently the response follows well the reference signal but with the inclusion of the torque ripples due to DTC. On the other hand, the resultant speed response of the DTC driven motor depicted in Figure 5b shows a fairly satisfactory sign inversion without any oscillations at all. 
Conclusions
In this paper an effort is made to represent the behaviour of a ship propulsion system comprising a Permanent Magnet Synchronous Motor (PMSM) driven by a 6-pulse driving system using the Direct Torque Control (DTC) control technique. The DTC technique cited is emulated via MATLAB's Simulink and toolbox while all study cases are performed in MATLAB's Power System Blockset environment. The behaviour of the DTC driven motor is represented satisfactorily well including the undesired hut inherent to DTC torque ripples.
